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Abstract
Intended readership 
I  am  looking  for  a  host  institute  to  research  bet-hedging  strategies  in  the  seasonal
reproductive mode switches of aphids. The intended methods leave room for collaborative
side-projects  beyond  the  study  question  (e.g.  molecular  control  of  photoperiodism,  or
sharing aphid lines from throughout Europe), so this article might be of interest to anyone
working with aphids. In addition, I would be happy to receive feedback from experts in bet-
hedging theory, phenotypic plasticity and photoperiodism.
Summary 
Global  change causes both  mean temperature  and temperature  variability  to  increase.
Organisms can cope with predictable change in means, but increasing variability is less
tractable.  One  strategy  to  increase  survival  chances  in  unpredictable  environments  is
diversiﬁed  bet-hedging,  i.e.  spreading  the  risk  by  variation  in  phenotype  expression.
Despite  being  considered  a  general  mechanism,  deﬁnite  evidence  for bet-hedging  is
scarce,  as  it  requires  both  the  demonstration  that  phenotypic  variance  correlates  with
environmental variability, and that it maximizes ﬁtness.
When assessing ﬁtness,  one needs to account  for  both the beneﬁts  and costs of  bet-
hedging.  Bet-hedgers  produce  suboptimal  phenotypes  in  average  years,  resulting  in
decreased arithmetic mean ﬁtness. But this temporary reduction is more than compensated
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by  elevated  ﬁtness  in  harsh  years,  so  this  well-known  short-term  ﬁtness  eﬀect  is  not
considered a real cost of bet-hedging. In contrast to the eﬀects on arithmetic mean ﬁtness,
I hypothesize that bet-hedging also carries a long-term (geometric mean) ﬁtness costs, in
that the ability to generate phenotypic variance is costly per se.
With this research idea I seek evidence for bet-hedging and assess its costs and beneﬁts,
using aphids and their polyphenism in reproductive modes as model system. I plan to use
aphid clones from environments along a gradient of  temperature variability,  and induce
switches in reproductive modes under controlled conditions. To test for bet-hedging, I will
correlate variance in phenotype determination with variability of the original environment.
To determine the costs of bet-hedging, I will compare population growth of bet-hedgers with
non-hedging clones. I will then combine beneﬁts and costs of bet-hedging by calculating
the geometric (long-term) mean ﬁtness in predictable and unpredictable environments.
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Objectives, Concept and Approach
Climate change is the largest challenge of the 21  century (IPCC 2014). Temperatures will
rise  by  at  least  1.5  °C in  the  course  of  the  next  100  years,  and  possibly  even  more
important,  extreme  events  will  become  more  frequent  (IPCC  2014).  To  some  extent
species can tolerate such change, but change beyond tolerable limits leads to species
extinctions (Urban 2015).
When climate change drives environmental parameters out of tolerable limits, survival is
generally considered to depend on microevolution and phenotypic plasticity (Charmantier
et al. 2008, Chevin et al. 2010, Karell et al. 2011, Vedder et al. 2013). Microevolution of
reaction norms and phenotypic plasticity are however of limited use in an unpredictable
environment (Tufto 2015). Phenotypic plasticity relies on the prediction of future conditions,
for  example  day  length  changes  in  autumn  predict  the  occurrence  of  frost  in  winter.
Because climate variability  alters  the covariance structure of  environmental  parameters
(Jackson  et  al.  2009),  cues  that  used  to  predict  environmental  hazards  become  less
reliable. Thus, other strategies are needed.
Bet-hedging is adaptive variance of phenotypes around an ‘optimal’ mean value that can
buﬀer  against  unforeseen  environments.  For  example,  variability  in  seed  germination
ensures  that  not  all  seeds  enter  the  vulnerable  seedling  stage  at  the  same  time,  so
dormant  seeds  can  survive  to  the  next  year  under  adverse  conditions  (Cohen  1966).
Despite its relevance for coping with climate change, deﬁnite evidence for bet-hedging is
scarce  (Simons  2011):  While  many  studies  demonstrate  environmental  variability  or
st
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phenotypic variance, or a correlation of both, only few show that the variance has ﬁtness
consequences. Fewer still assess the geometric mean ﬁtness and show that bet-hedging is
advantageous on the long term. An ideal test of bet-hedging would provide a quantitative ﬁt
of the degree of bet-hedging with environmental variance (category VI evidence in Simons
2011),  but  only  four  studies  (three  plant  species,  one  copepod)  provide  such  strong
evidence. Hence, to demonstrate the ubiquity and diversity of bet-hedging strategies, more
studies on under-represented taxa are needed.
Costs and limits of bet-hedging 
Why is  evidence for  bet-hedging so scarce? On the one hand,  the prevalence of  bet-
hedging might be underestimated due to the challenge of ﬁnding good evidence (Simons
2011); on the other hand, the evolution of bet-hedging might be truly constrained by further,
unknown costs. Unfortunately, there is no theoretical framework that discusses potential
costs and limits of bet-hedging. There is, however, a larger body of theory on a related
topic, namely on costs and limits of phenotypic plasticity (DeWitt et al. 1998, Van Kleunen
and Fischer 2005, Auld et al. 2009, Murren et al. 2015), which I will apply to bet-hedging.
According to the conceptual framework, true costs of plasticity need to be separated from
phenotype-environment mismatches. A plastic organism that is imperfectly matched to the
environment is still better adapted than a canalized organism, which does not ﬁt at all to
one environment. Thus, mismatches with the environment represent the limit of an adaptive
strategy, and cannot be considered true costs of plasticity. The real costs of phenotypic
plasticity  can  then  be  split  into  global  (maintenance)  and  local  (production)  costs.
Maintenance costs are independent of the environment, and arise from the ability to be
plastic  per  se,  e.g.,  having  the  machinery  to  detect  environmental  change.  Production
costs, on the other hand, arise only when phenotypic plasticity is expressed. I argue that
this discussion on costs and limits is very similar for bet-hedging.
In accordance with the discussion on phenotypic plasticity, true costs of bet-hedging need
to be separated from limits of the otherwise adaptive strategy: By inducing sub-optimal
phenotypes, bet-hedging decreases the ﬁtness in an average environment. This decrease
in arithmetic mean ﬁtness is not a true cost, but the core of the insurance strategy that
increases ﬁtness over longer times, i.e., geometric mean ﬁtness (Simons 2011).
Similar  to  costs  of  phenotypic  plasticity,  costs  of  bet-hedging  can  be  split  into  global
(maintenance) and local (production) costs. I hypothesize that maintenance costs manifest
in  a  lower  overall  ﬁtness,  because  bet-hedging  requires  a  mechanism  to  generate
variability.  Bet-hedging  could  for  example  be  achieved  by  high  sensitivity  to  small
environmental change (microplasticity), as has been observed in the response of seeds to
germination conditions (Simons and Johnston 2006). An elevated sensitivity suggests a
more elaborate machinery to detect change, and thus higher maintenance costs compared
to a non-hedging genotype. Production costs, on the other hand, arise only when the bet-
hedging  trait  is  expressed.  For  example,  bet-hedging  can  be  achieved  by  stochastic
processes  that  disturb  developmental  pathways  during  development.  Developmental
instability has been invoked as source of adaptive variance (Simons and Johnston 1997,
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Woods 2014, Dueck et al.  2016), but developmental instability is also one of the costs
discussed for phenotypic plasticity (DeWitt et al. 1998). There is no empirical evidence for
this kind of cost and it was dismissed for being no true cost of phenotypic plasticity (Auld et
al.  2009);  however,  given  the  aim  of  bet-hedging  (to  induce  variance),  one  should
reconsider developmental instability as production costs for bet-hedging. As far as I know,
maintenance and production costs of bet-hedging have never been measured.
Aphids as models for bet-hedging 
One possible bet-hedging mechanism is stochastic polyphenism, i.e. a stochastic choice of
alternative  phenotypes  (Halkett  et  al.  2004).  One  of  the  most  drastic  examples  for
polyphenisms  occurs  in  aphids  (Brisson  and  Stern  2006),  because  they  change
reproductive modes in response to the environment. During summer, aphids reproduce by
viviparous  parthenogenesis.  When  days  become  shorter  in  autumn,  most  clones  in
temperate climates switch to production of sexual forms (Dixon and Glen 1971, Lamb and
Pointing 1972), because the eggs can overwinter whereas live-born nymphs do not tolerate
cold temperatures (Simon et al.  2002). There is considerable variability in the timing of
switching,  which  correlates  with  environmental  variability  as  predicted  by  bet-hedging
theory (Halkett et al. 2004). While this correlation is a good starting point to study bet-
hedging, it  is relatively weak evidence (Simons 2011), and other explanations, such as
higher clone diversity in more variable climates, cannot be ruled out. Even though variance
in reproductive mode switches occurs also in laboratory settings (Lamb and Pointing 1972),
it has so far not been assessed systematically. Hence, aphids are good candidates to study
bet-hedging in detail.
Project description
With this  research idea I  want  to  ask whether  seasonal  polyphenism is  a  bet-hedging
strategy,  and  whether  its  evolution  is  hampered  by  ﬁtness  costs.  I  am  looking  for
collaborations, as well  as a working environment and research team for a postdoctoral
project.
Aphids reproduce asexually over summer, and switch to production of sexual forms when
the days shorten. The response to day length follows a logistic curve (Fig. 1), and during a
transitional period only a fraction of aphids is induced to produce sexual oﬀspring (Dixon
and Glen 1971, Lamb and Pointing 1972), despite being genetically identical and having
been reared under the same conditions. I propose that the width of the transitional period is
a bet-hedging trait, i.e. that aphids from variable climates spread the transition to sexual
oﬀspring  more  than  lines  from  more  constant  climates.  I  thus  want  to  estimate  the
transitional period (the slope of the logit curve) by subjecting at least 12 aphid clones from
diﬀerent environments to eight diﬀerent day lengths. I will then assess maintenance and
production costs of bet-hedging (Fig. 2). First, I will compare fecundity of bet-hedging and
non-hedging  clones  under  long-day  conditions,  hypothesizing  that  bet-hedging  is
associated with lower fecundity even without expression of the trait. Secondly, I will test
whether  the  ﬁtness  of  bet-hedgers  decreases  with  shortening  day  lengths  (production
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costs). Lastly, I will calculate the optimal amount of bet-hedging in all environments, based
on environmental unpredictability, growth rates, and ﬁtness costs of bet-hedging. I predict
that the degree of bet-hedging of the studied aphid lines optimizes geometric mean ﬁtness




Phenotypic  variance  in  sexual  oﬀspring  production.  When  aphids  are  subjected  to
diﬀerent day lengths, the induction of sexual oﬀspring follows a logistic curve. Near the critical
day length (were 50% of the oﬀspring are sexual)  there is a transient period in which the
choice of oﬀspring type is stochastic. I expect that clones from predictable (black, circles) and
unpredictable (red, triangles) environments diﬀer in slope of day length response and thus in
the extent of the transient period. In total, 12 clones, each from a diﬀerent environment, will be
tested.
Figure 2. 
Maintenance and production costs of bet-hedging. I expect that aphids which invest into
bet-hedging  produce  oﬀspring  of  lower  quality,  irrespective  of  environmental  conditions
(maintenance costs). In addition, I expect that the costs increase when the bet-hedging trait is
expressed (production costs). To test these hypotheses, the data will be analysed separately
for sexual and parthenogenetic parents (dashed line = critical day length).
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Implementation
Below I propose one potential research plan for the main experiment. Methodology, choice
of species and origin of aphid clones are all amendable to change, as they depend on the
infrastructure and location of the host institute, on funding and on further collaborations. I
ﬁrst assume that I will collect Acyrthosiphon pisum from various locations of Europe, and
that  the  experiment  will  be  split  into  four  smaller  experiments  with  two  day  length
treatments each (for a total of eight day lengths) to accommodate for space limitations. I
will then address potential variations of the methodology in the next section.
Methodology
Origin of clones 
To obtain aphids with suﬃciently diﬀerent environmental and genetic backgrounds, I require
aphid lines originating from a larger regional scale. Nevertheless, to compare the spread of
reproductive mode switch in a single experiment, the diﬀerent lines need to be induced at a
similar mean (critical) day length, which correlates with latitude (Smith and MacKay 1990).
Hence,  I  need  aphids  from a  single  latitude  but  various  longitudes,  for  example  from
Poland, Czech republic, Germany, the Netherlands and Belgium (Fig. 4, Google Maps). I
will collect several aphid lines in 14 sampling areas, and use one line per sampling area in
later experiments. With one day per sampling area, the aphids can be collected within two
weeks, so expenses for traveling (3300 km) and accommodation amount to approximately
 
Figure 3. 
Intended setup of  the main experiment.  The focal  generation will  be kept  on individual
plants  for  its  full  lifetime (middle  column),  starting  two days before  birth  (left  column).  All
oﬀspring will be raised into adults (right column) to determine the reproductive mode of their
parents.
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3000€. I have experience in aphid identiﬁcation, and the species Acyrthosiphon pisum and
Megoura viciae can be readily identiﬁed in the ﬁeld. All clones will be tested under short
day conditions to conﬁrm that the obtained lines are holocyclic, and to select aphids with
homogenous mean day length.
Climate data 
The experiment requires aphid lines from a gradient of winter unpredictability.  This has
been deﬁned by Halkett et al. (2004) as between-year standard deviation in onset of winter.
According to this deﬁnition winter arrives at the moment when a regression on monthly
mean  temperatures  crosses  12  °C.  The  European  monthly  mean  temperatures  from
2000-2010 (5x5 km) are freely available from the DWD (German Weather Service).
While  the  standard  deviation  in  onset  of  winter  can  be  easily  calculated,  it  neglects
adaptive phenotypic plasticity. For example, the response to day length is modulated by
temperature (Dixon and Glen 1971, Lamb and Pointing 1972), so it is delayed in warmer
years with late winter onset. I will explore the use of temporal autocorrelation in autumn
temperatures as alternative way to deﬁne winter unpredictability.
Experiment 
The procedure for 12 clones kept at two day lengths is as follows (Fig. 3): I will place 10
individuals (‘grandparents’) per clone on two plants, and move the plants to two climate
chambers with  diﬀerent  day lengths.  The oﬀspring born on the third  day are the focal
individuals (‘parents’) and will be kept. 10 parents per clone and chamber will be randomly
selected,  placed individually  on a  new plant  (120 plants  per  chamber)  and allowed to
mature. When adult, the parents will be moved to new plants every 4 days, and the old
plants  with  oﬀspring  will  be  kept.  The  sexuality  of  the  next  generation  (‘oﬀspring’;
parthenogenetic, male or female) will indicate the reproductive mode of their parents. This
 
Figure 4. 
Map of Europe, with intended sampling location.
Beneﬁts and costs of aphid phenological bet-hedging strategies 7
requires 240 new plants every 4 days, and about 1200 plants in total. When the oﬀspring
are adult (from approximately day 33 to day 49), they will be examined at low magniﬁcation,
and their number will  be used as ﬁtness estimate. With an average of ﬁve minutes per
sample, it takes 100 hours to identify all 1200 samples, but the oﬀspring will be frozen and
can be examined later. As time allows, samples will be thawed and size measurements will
be made.
Hypothesis 1: variance in reproductive modes correlates with winter unpredictability 
When plotting the percentage of sexual oﬀspring against day length, I will obtain a logistic
curve as in Fig. 1. The slope of the curves (i.e. width of transitional photoperiods) will vary
among clones from diﬀerent  backgrounds,  and I  expect  the slope to correlate with the
environmental unpredictability of their origin. I will thus apply a generalized linear mixed-
eﬀects model with binomial  distribution. The percentage of  sexuals is predicted by day
length treatment, the environment in which the aphids were sampled, and their interaction:
glmer (Induction ~ treatment * environment + (1 | mother/environment), family = binomial)
A signiﬁcant interaction will support the hypothesis that the transient period correlates with
environmental unpredictability. In addition, a signiﬁcant positive eﬀect of environment alone
would  indicate  that  clones  from the  most  unpredictable  environments  also  take  riskier
(later) strategies, as the modelling approach of Halkett et al. (2004) suggests.
Bet-hedging could be achieved by two diﬀerent modes: First, a single mother aphid can
produce both sexual and asexual oﬀspring. Secondly, each mother can produce only one
type of oﬀspring, but the choice of the type diﬀers among genetically identical mothers.
Literature suggests that mixed families exist in A.pisum (Lamb and Pointing 1972), so I
calculate  the  percentage of  sexual  oﬀspring,  corrected  for  mother  identity.  If  all  adults
produce either only sexual or only asexual forms, and no mixed families exist, the model
can be reduced by the random term – the response variable is then the fraction of mothers
producing sexual oﬀspring.
Hypothesis 2: Bet-hedgers suﬀer maintenance and production costs 
Because photoperiodic induction requires rearing all oﬀspring I will obtain detailed data on
life-history  traits.  I  hypothesize  that  clones  which  cope  with  high  environmental
unpredictability suﬀer from generally reduced fertility (maintenance costs), or from higher
production  costs  when  reared  near  the  critical  day  length  that  induces  transition  from
asexual to sexual reproduction (Fig. 2).
Because  development  times  and fecundity  per  day  of  the  parent  aphids  are  known,  I
construct life history tables and derive population growth based on a Leslie matrix, which
gives a detailed account of aphid ﬁtness (Joschinski et al. 2015). I will compare the ﬁtness
of aphids that were reared under full  long days with aphids that were reared under the
critical day length, but still produced asexual oﬀspring. In addition, I will compare the aphids
that were marginally induced to produce sexual oﬀspring with those reared under short
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days. Both sexual and asexual datasets will be supplemented by size measurements of the
oﬀspring for a better measure of their respective reproductive value.
For both dataset I will apply the model:
Fitness ~ day_length * environment + (1 | mother/environment)
A signiﬁcant interaction of day length and environment is evidence for production costs
(increased costs close to critical day length). If there is a signiﬁcant eﬀect of environment,
this will be evidence for maintenance costs (generally reduced ﬁtness).
Hypothesis  3:  The  degree  of  bet-hedging  matches  quantitatively  with  environmental
variance 
Strong evidence for bet-hedging is provided by the observation that phenotypic variance
can be quantitatively predicted by environmental variation (Simons 2011). I will extend a
model by Halkett  et al.  (2004) by maintenance and production costs, and calculate the
optimal phenotypic variance for each environment. I will then test whether the observed
phenotypic variability provides a quantitative ﬁt with the optimum.
Adaptations
Depending on host institute and collaborative projects, several details of the experiment
can be adapted. Below I describe potential variations from the research plan.
Species 
Because  polyphenism  in  reproductive  modes  is  a  primitive  feature  of  the  Aphidoidea
(Moran 1992),  the proposed experiments can principally  be carried out  with  any aphid
species  with  a  holocyclic  life  cycle.  Three  species  seem  particularly  suitable  for  the
experiments:  The  pea  aphid,  Acyrthosiphon  pisum,  the  bird  cherry-oat  aphid,
Rhopalosiphum padi, and the vetch aphid, Megoura viciae.
A.pisum is  an  emerging  model  organism  in  ecology  (Huang  and  Qiao  2014)  and
developmental biology (Brisson and Stern 2006). It is relatively large, the genome has been
sequenced and annotated (The International Aphid Genomics Consortium 2010), and the
polyphenism has been studied in detail (e.g., Le Trionnaire et al. 2008, Le Trionnaire et al.
2013). The bird cherry – oat aphid, Rhopalosiphum padi, is not only an important cereal
pest, but was also used to parametrize the so far only model on bet-hedging in aphids
(Halkett  et  al.  2004).  The  life  cycle  of  this  host-alternating  species  is  however  more
complicated.  Short  days do not  induce aphids to directly  produce sexual  forms,  but  to
produce winged gynoparae, which will migrate to the winter host before producing sexuals.
Lastly the most detailed analysis of the reproductive mode switch has been conducted on
M. viciae (Lees 1959, Lees 1960, Lees 1963). All three species are common in agricultural
landscapes throughout Europe (Blackman and Eastop 2000), and the choice among the
three model organisms will depend on the work environment.
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Origin of clones 
The experiment requires aphid lines from several locations throughout Europe. I plan to
sample aphid lines shortly  before the experiments,  because aphids can evolve quickly
despite being asexual (Thieme and Dixon 2015),  and artiﬁcial  selection under constant
environments might have selected against bet-hedging. Nevertheless, I would be happy for
suggestions on obtaining aphid lines that have been collected recently.
Logistics 
The experiment is logistically challenging. It  requires frequently transferring aphids from
240 plants to new plants, and I need 1200 host plants in total. The procedure would be
considerably easier, if the parent’s reproductive mode was known without having to rear all
oﬀspring. If the sexuality of the oﬀspring could be determined on newly born nymphs, it
would reduce the number of plants to 240 and reduce the time from 49 to 34 days. Thus, I
would be happy for any suggestions to determine reproductive modes of young oﬀspring
morphologically.
In A. pisum, the reproductive mode of the parents could also be determined by analysing
gene expression of the young oﬀspring (Le Trionnaire et al. 2012). This method is likely
more expensive than rearing all oﬀspring, but would allow studying individuals reared at the
critical  day  length.  This  treatment  allows  insights  into  molecular  regulation  of  the
polyphenism (photoperiodism), and I welcome collaborations on this topic.
Location 
I am looking for collaborators with knowledge in aphid biology and/or bet-hedging theory,
and for  a  research environment  that  has  at  least  two climate  chambers  and suﬃcient
greenhouse space to rear about 1200 plants. The project will require approximately 3000€
to collect aphids, as well as small funds for aphid and plant rearing, and for student helpers
for general maintenance of aphid clones and plants.
Further considerations 
The proposed research project carries the danger that aphids do not hedge their  bets,
which makes an analysis of costs of bet-hedging obsolete. The phenotypic variance I want
to assess has however also been observed in a single aphid clone before (Lamb and
Pointing 1972). I have used the bet-hedging model by Halkett et al. 2004 to predict the
optimal phenotypic variance for this clone from Markham, Ontario. According to the last 50
years of a weather dataset of the nearby town Toronto (Vincent et al. 2012), the winter
unpredictability  was  4.4,  so  the  bet-hedging  model  suggests  11  days  of  mixed
reproduction. The photoperiod in which mixed reproduction occurs (i.e. variance in sexual
induction)  was  not  assessed  systematically  by  Lamb  and  Pointing  (1972),  but  Fig.2
suggests a range of about 30 minutes day length change, which corresponds to 11 days.




Preliminary  work  during  my  doctoral  thesis  (to  be  submitted  in  2016)  focused  on  the
constrains  of  the sexual  polyphenism.  Aphids are  generally  considered to  beneﬁt  from
climate change by extending their phenology into early spring and late autumn. During the
doctoral  thesis  I  asked  whether  aphids  can  use  the  novel  temperature-day  length
combinations eﬃciently. I demonstrated that aphids suﬀer ﬁtness constraints under short
days, so the evolution of phenology might be constrained (Joschinski et al. 2015a). Further
research revealed that aphids are day-active (Joschinski et al. 2016), which explains the
ﬁtness  constraints  of  short  days  by  a  limited  time  budget.  Apart  from  this  focus  on
behavioral  ecology  and  physiology,  I  also  received  training  in  evolutionary  biology
(Joschinski et al. 2015b).
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Expected results and impact
I expect that the experiment outlined in this proposal will be the ﬁrst to demonstrate a long-
term  ﬁtness  advantage  of  bet-hedging  in  insects.  Furthermore,  with  the  experiment  I
quantify the production costs and the maintenance costs of bet-hedging. I expect that the
results of the experiment will be summarized in one publication (e.g. in American Naturalist
or Evolution).
Depending  on  further  collaborations,  the  main  experiment  could  be  supplemented  by
further studies. For example, I could assess the gene expression of aphids reared under
the critical day length. The data could be used to study the switch in reproductive modes
(photoperiodism), which would result in a further publication.
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